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a b s t r a c t
Despite enormous progress in medicine, symptomatic cerebral vasospasm (CVS), remains
an unexplained clinical problem, which leaves both physicians and patients helpless and
relying on chance, due to the lack of speciﬁcmarker indicative of imminent danger aswell as
the lack of speciﬁc treatment. In our opinion CVS occurrence depends on dynamic dis-
balance between free radicals' formation (oxidative stress) and antioxidant activity.
Isoprostanes are products of free-radical peroxidation of polyunsaturated fatty acids, and
seem to mark a promising path for the research aiming to unravel its possible mechanism.
Not only are they the biomarkers of oxidative stress in vivo and in vitro, but also have
manifold biological effects (including vasoactive, inﬂammatory and mitogenic) via activa-
tion of the thromboxaneA2 receptor (TBXA2R), both in physiological and pathophysiological
processes. This review addresses the importance of isoprostanes in CVS in quest of
appropriate biomarkers.
© 2018 Published by Elsevier Sp. z o.o. on behalf of Polish Neurological Society.1. Introduction
Based on the recent literature, there is growing evidence
supporting the clinical association between lifestyle/environ-
mental risk factors, oxidative stress (OS) and endothelial
dysfunction [1,2]. An unbalanced production of toxic oxygen* Corresponding author.
E-mail address: karol.lek@poczta.fm (K. Wiśniewski).
https://doi.org/10.1016/j.pjnns.2018.09.009
0028-3843/© 2018 Published by Elsevier Sp. z o.o. on behalf of Polish Nspecies, reactive oxygen species (ROS) and endogenous anti-
oxidants,may be the cause of a disease [3]. ROS can activate the
transcription factor NF-kappaB, which hasmany inﬂammatory
cytokines genes among its target genes [4]. The identiﬁcation of
cytokines asmediators of inﬂammation led to ‘‘cytokine theory
of disease’’ [5]. Additionally, inﬂammation as consequence of
chemical, physical or psychological changes, can induce OS [6].eurological Society.
n e u r o l o g i a i n e u r o c h i r u r g i a p o l s k a 5 2 ( 2 0 1 8 ) 6 4 3 – 6 5 1644It is very difﬁcult to study OS in disease. ROS are the
molecules effector, which have short half-lives, ranging from
nanoseconds to milliseconds [7]. This makes it impossible to
measure ROS in biological samples and wemust rely on signs,
chemicals that are produced by the interaction of ROS with
various cellular molecules [8]. They take part in the peroxida-
tion ofmembrane lipids of endothelial cells. Thus, recently F2-
isoprostanes (F2-IsoPs, IsoPs) have been demonstrated to be
the most speciﬁc markers of lipid peroxidation in vivo. They
are considered oxidative stress markers, as their concentra-
tion directly reﬂects the free radical content. F2-IsoPs are
compounds similar to prostaglandins, generated via nonen-
zymatic, free radical peroxidation of polyunsaturated fatty
acids, in particular, arachidonic acid [9].
An inﬂammatory response often results in tissue damage
(e.g. rheumatoid arthritis) and loss of function. Endothelial
dysfunction is clearly associated with oxidative stress, and is
also the ﬁrst clinical correlate of atherosclerosis that can be
diagnosed [10,11].
Our aim was to review the current state of knowledge but
also to provide new concepts to understand the vital crosstalk
of the different systems (stress response pathways and redox
signalling machinery) involved in the CVS pathophysiological
processes and to reveal probable disease pathways that may
explain vasoconstrictive effect observed in CVS.
In this revision, we focused on the role of F2-IsoPs as
a biomarker of oxidative stress in CVS after aneurysmal
subarachnoid haemorrhage (aSAH).
1.1. Evidence acquisition
We conducted a review of the pertinent literature paying
careful attention to large animal laboratory research and
clinical studies. Unfortunately, there are no randomized
controlled prospective clinical studies on F2-IsoPs. After a
brief summary on oxidative stress and biological properties of
IsoPs, we discussed the role of F2-IsoPs in CVS.2. Clinical implications
2.1. Oxidative stress
OS is a disorder of homeostasis leading to an increase in the
concentration of ROS. This tips the peroxidation – antioxidant
balance towards the oxidation reaction and leads to disruption
of redox signalling (RS) and physiological function [3].
The main endogenous sources of primary type of ROS,
superoxide anion radical (O2
), are mitochondria. They
contain electron-transportation chain (ETC) which major
function is ATP production through the process of oxidative
phosphorylation, while ROS are by-products of ETC function-
ing. ETC transfers high-energy electrons from NADH or FADH2
to the ﬁnal electrons acceptor – O2. Another source of O2
 are
NADPH-oxidases of Nox family enzymes that produce ROS as a
primary product. PhagocyticNADPH-oxidase (NOX2) is theﬁrst
identiﬁed ROS-generating enzyme. It has been documented
that O2
 production in neutrophils and macrophages parti-
cipates in antibacterial signal transduction [12]. ROS produc-
tion is controlled by endogenous antioxidants like glutathioneand reactions catalyzed by peroxyredoxins and glutathione
peroxidase.
RS works through discrete, reversible modiﬁcations/
changes like cysteine residues include S-nitrosylation/S-
nitrosation, sulfenylation, disulﬁde bonds and S-glutathiony-
lation [13,14]. Under physiological condition RS, through ROS
and reactive nitrogene species (RNS), induces changes in
activities of proteins which are elements of complex networks
of kinases, phosphatases, ion channels, apoptotic cascades
and can cause changes in transcriptional activity [13,15,16].
RS regulates cell-signalling, vascular tension, homeostatic
control, immunological response and pregnancy [17,18]. Even
slight variations of lipid oxidation in vivo are vital to correct
functioning of an organism. On the other hand, a rapid
accumulation of biologically active oxidation by-products
which overcomes the cellular reductive capability, results in
DNA, protein and lipid damage, thus disrupting the cell
environment and ﬁnally leading to cell's death. Most impor-
tantly, damaged cells also produce reactive oxygen species
creating a self-perpetuating vicious cycle which, if not
interrupted, culminates in injury and disease.
The main problem arises from the evaluation of highly
reactive and unstable free radicals. However, the recent
discovery of isoprostanes has opened up new possibilities
for the research.
2.2. Isoprostanes as oxidative stress markers
OS is induced for research purposes with carbon tetrachloride
using animalmodels [19]. Suchmodelswere also employed for
establishing F2-isoprostanes as oxidative stress markers [20].
Isoprostanes are compounds similar to prostaglandins,
generated during non-enzymatic, free-radical peroxidation of
multi-unsaturated fatty acids, mainly arachidonic acid [9].
They are considered oxidative stress markers, since their
concentration directly correlates with the concentration of
free oxygen species. The analysis of isoprostanes broadened
the understanding of the role of free radicals in human
physiology and pathophysiology, especially with reference to
vascular diseases. Isoprostanes are found in urine, blood,
cerebrospinal ﬂuid, and also exhaled air. Their main metabo-
lite, 2,3-dinor-5,6-dihydro-8-iso-PGF2a, is mostly expelled by
kidneys. Importantly, there are same data which suggest that
F2-IsoPs are conjugated with glucuronide and excreted to the
urine. One should keep in mind another route of F2-IsoP
metabolism when measuring these compounds in urine [21].
The half-life of isoprostanes is approximately 16 min. Plasma
concentration of free 8-iso-PGF2a varies from 10 to 80 pg/ml
(average 28 pg/ml), depending on the time of day [22].
The level of isoprostanes increases in various diseases:
neurodegenerative (AD, HD, CJD, and MS), cirrhosis, athero-
sclerosis (hypercholesterolemia, hyperhomocysteinemia), di-
abetes mellitus, heart diseases, severe cholestasis, allergic
asthma, adult respiratory distress syndrome, kidney distress
syndrome, retinopathy and chronic obstructive pulmonary
disease [23].
Appropriate collection and storage procedures are the key
to repeatable results. Artefactual oxidation of lipids during
storage could occur due to haemolysis of blood samples. To
minimize this effect blood should be collected to tubes
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the centrifugation should be performed as soon as possible
(by that time it should be kept chilled). Plasma should be
aliquoted and stored at 80 8C not 20 8C, because autoxida-
tion can occur at 20 8C leading to artefactual generation of
F2-IsoPs ex vivo. Tissue samples should be ﬂash frozen
immediately after collection and also stored at 80 8C. The
antioxidants butylated hydroxytoluene to minimize artefac-
tual elevation of F2-IsoPs should be used, especially when
samples cannot be immediately centrifuged and snap frozen
in liquid nitrogen [24].
Currently, three techniques are used to measure F2-IsoPs:
gas chromatography–mass spectrometry (GC/MS), liquid chro-
matography–mass spectrometry (LC/MS) and immunoassays
(ELISAs). Mass spectrometric-based assays are widely accepted
as the most accurate methodologies, especially GC/MS,
because of its greater sensitivity [25]. The use of ELISA to
quantify urine F2-IsoPs, despite its simplicity and cost-
effectiveness, may be associated with cross-reactivity with
other isoprostane isomers [26].
F2-IsoPs in plasmamostly are quantiﬁed as free fatty acids.
Since these compounds are found esteriﬁed in phospholipids
in the plasma, base hydrolysis should be performed to analyze
total F2-IsoPs in the plasma. F2-IsoPs can be directly excreted
into the urine without metabolism, so that if renal disease
coexists with oxidative damage, their urine levels are falsiﬁed
and actual changes in total body lipid peroxidation should be
checked.
Establishing speciﬁc thresholds of the level of isoprostanes
may be helpful in early detection and prevention of distinct
disorders. Moreover, such analysis may offer a non-invasive
way of monitoring the course of disease.
With regard to CVS, a biological marker of the developing
pathology may help in recognizing the impending exacerba-
tion and enable an early management.
2.3. Biological properties of isoprostanes
The formation of prostaglandin-like compounds (IsoPs) as
products of free-radical peroxidation of arachidonic acid was
ﬁrst described by Pryor and Godber in 1991. These structures
were deﬁned as F2-IsoP due to their prostanoid 1,3-dihydrox-
ycyclopenthane ring (ring F), analogous to prostaglandins F
(PGF2 a). F2-IsoP are the structural isomers of prostaglandins,
which consists of a cyclopentane ring and two side chainswith
double bonds and ahydroxyl group. The distinguishing feature
is the conformation of the side chains in relation to ring F: F2-
isoprostane is a cis-, while PGF2a a trans-conformer [27].
The isoprostanes forming mechanism is associated with
the presence of ROS (such as HO, RO, ROO, O2) which detach
the hydrogen atom from polyunsaturated fatty acids and
propagate a chain reaction. This reaction occurs at positions C-
13, C-10 and C-7 of arachidonic acid and may result in three
radical forms, exposed to further internal cyclization. Through
reduction, each of them gives rise to four regioisomers with
ring F, which, in turn, may form eight racemic diastereomers
each. Thus, 96 different compounds are generated in different
amounts [28]. The formation of isoprostanemay occur via two
peroxidation routes [29,30] – by endoperoxide and dioxetane
mechanisms.Bioactive isoprostanes (mainly 8-iso-PGF2a and 8-iso-
PGE2a) are formed in various tissues, while their unmetabo-
lized portion can be found in plasma. Local hormones reach
their biological properties in tissues with low or high
concentrations in plasma and reduce them after esteriﬁcation.
Tissue hydrolases revert the esteriﬁed IsoPs into potent
mediators which affect the cellular membrane integrity and
ﬂuidity, exacerbating the oxidative stress reaction. These
compounds are mainly formed in tissues in esteriﬁed forms,
which act as substrates for the hydrolytic activation by speciﬁc
enzymes [31,32]. Then in the free-acid form isoprostanes are
released into blood. Nonetheless, their physiological function
and pharmacokinetics are not well-understood.
The most extensively analyzed isoprostane, 8-iso-PGF2a,
causes vasoconstriction in renal and pulmonary circulatory
systems, as well as induces DNA synthesis in smooth muscle
cells [34]. The 8-iso-PGF2a stimulate endothelial cell and
smooth muscle cell proliferation. [35]. Still, their mechanisms
of action are vaguely deﬁned. Mitogenesis and stimulation of
platelet aggregation are achieved via the thromboxane
receptor [33,34], however, several reports indicate the exis-
tence of a speciﬁc receptor for isoprostanes [35,36]. In addition,
other F2-izoP, 12epi-PGF2, stimulate ﬁbroblast proliferation
through PGF2a receptors [37]. Vasoconstriction is a well-
known effect of isoprostanes, particularly 8-iso-PGF2a ob-
served in various organs, including brain, kidney, lung,
pulmonary arteries and retinal vessels [38,39]. It depends on
the concentration of extracellular calcium ions and, possibly,
of protein kinase C [34,40]. In addition, 8-iso-PGF2a induces the
formation of a cyclooxygenase-dependent prostacyclin PGF2a
[41] as well as thromboxane in the endothelium [39].3. Future directions
3.1. Isoprostanes in cerebral vasospasm after aneurysmal
subarachnoid haemorrhage
The most common and fatal, yet the least understood
complication of aSAH is CVS, as it leads to delayed ischaemic
neurologic deﬁcit resulting from irreversible vasoconstriction
caused by proliferative angiopathy [42,43]. CVS is always taken
into consideration in aSAH patients presenting with symp-
toms of confusion or decreased level of consciousness with or
without focal neurologic deﬁcits (speech or motor).
From the histopathological point of view, in the course of
CVS, between day 1 and day 9, one observes increased
percentage of inﬂammatory cells (lymphocytes, plasmocytes,
and mast cells) in the adventitia, necrosis and the loss of
elasticity in smooth muscles, as well as thickening, swelling,
vacuolization and loosening of intracellular connections in the
endothelium. Furthermore, between day 9 and day 60,
proliferation of smooth muscles and irreversible thickening
of the intermediate layer of the vessel are also observed [44,45].
Up to now, numerous theories aiming to explain the
occurrence of CVS have been proposed, but its speciﬁc
mechanism has not been deﬁned, yet. The most plausible
theory suggests that the extravasated blood acts as the nidus
for inﬂammatory factors, which lead to CVS. Extravasated
haemoglobin leads to ROS release and OS. This results in RS
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endothelial cells and perivascular adipose tissue, as well as
proliferation of smooth muscle cells. The extravasated
haemoglobin is bound to haptoglobin (HP), which may be
found in two forms. HP 1-1 binds with a lower afﬁnity [46,47],
while HP 2-2 induces a cascade of inﬂammatory reactions,
elevating the concentration of cytokines, leukocytes and cell
adhesion molecules [46,48].
As aforementioned, RS which is modiﬁed by ROS, regulate
the vascular tone in various mechanisms, called ‘‘redox
switches’’ leading to endothelial dysfunction and vasocon-
striction.
The ﬁrst of ‘‘redox switches’’ involves endothelial NO
synthase (eNOS). The mechanisms underlying eNOS uncou-
pling include S-glutathionylation of the eNOS reductase
domain, eNOS phosphorylation (H2O2/ONOO
mediate activa-
tion of protein kinase C (PKC) and protein tyrosine kinase-2
(PYK-2) dependent eNOS phosphorylation). Furthermore,
direct oxidation depletes eNOS cofactor – tetrahydrobiopterin,
regulates dimethylarginine (ADMA) synthesis/break-down
and disrupts the zinc–sulphur complex in the dimer binding
interface. It is also known that cerebrospinal ﬂuid (CSF) ADMA
levels are closely associatedwith the degree and time course of
vasospasm (when CSF ADMA levels decrease, vasospasm
resolves) [49,50]
The other switches have to dowith soluble guanylyl cyclase
(sGC) which is a key enzyme of the nitric oxide (NO) signalling
pathway. Upon binding of NO to a prosthetic heme group on
sGC, the enzyme catalyses synthesis of the secondmessenger
– cyclic guanosine monophosphate (cGMP), which produces
vasorelaxation and inhibits smooth muscle proliferation,
leucocyte recruitment and platelet aggregation through a
number of downstreammechanisms. OS leads to an impaired
NO

/cGMP-signalling by oxidative inhibition of sGC via oxida-
tion of Cys122, making the enzyme less sensitive to NO

.
Additionally, oxidation promote depletion of the hememoiety
[51–53].
The third switch comprises the endothelin-1 (ET-1) and
NADPH oxidase system since oxidants can lead to increased
expression of ET-1 and potentiate its vasoconstrictory proper-
ties, which can be further self-ampliﬁed by ET-1 dependent
activation of NADPH oxidase [54–56].
The last switch relates to prostanoid synthesis (PGIS).
The key enzyme of PGIS, cyclooxygenase, is activated at
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Fig. 1 – ADMA, dimethylarginine; BH4, tetrahydrobiopterin; PKC
endothelial NO synthase; sGC, soluble guanylyl cyclase; ET-1, enlow peroxide levels, thus oxidative stress promotes isopros-
tanes formation [57,58]. Reduced synthesis of prostacyclin
in the vessel wall might also contribute to the cerebral
vasospasm [59].
Activation of all of these redox switches by ROS (most likely
hydrogen peroxide and superoxide) alters endothelial and
vascular function, which will favour vasoconstriction. These
switches are usually activated simultaneously and one ﬁnds
eNOS uncoupling, sGC desensitization and PGIS synthesis/
break-down along with isoprostane formation or up-regulated
ET-1 signalling at the same time. It is worth mentioning that
8-Iso-PGF2 has been shown to stimulate ET-1release in a dose-
dependent manner [60]. ET-1 has been well investigated as
important mediator of CVS [61] (Fig. 1).
In our opinion isoprostanes play a vital role in CVS,
disturbing endothelial integrity and leading to vasoconstric-
tion. These compounds inform as abut the level of OS and
indirectly about ‘‘redox switches’’ condition. They are crucial
biomarkers of CVS. We have reported elevated urine F2-IsoPs
levels in patients following aSAH compared with healthy
controls, which may reﬂect the increased oxidative stress in
patients after aSAH. We observed that increased F2-IsoPs on
day 3 after surgery were associated with greater risk of CVS
and worse long-term outcomes. Moreover, the ROC curves
plotted for prediction of CVS and GOS score 4 at 4months after
surgery with day 3 F2-IsoPs had AUC >0.8, what indicates the
potential clinical value of these markers. We also employed
logistic regression models combining F2-IsoPs with clinical
features to investigate whether such an approach might
further improve the prediction rate. This analysis produced
perfectly ﬁtted models, which resulted from the small group
size and the associated overﬁtting. To limit its impact, we
performed the same analysis after resampling and stratiﬁed
cross-validation, obtaining more adequate ROC curves. Thus,
although both issues are associated, based on the periopera-
tive clinical condition and F2-IsoP levels the risk of CVSmay be
more effectively predicted than the long-term outcome. The
latter is undoubtedly affected by anumber of other factors. The
association of the F2-IsoPs levels with risk of CVS may offer a
new insight into the pathogenesis of this poorly understood
condition [62]. Additionally, F2-IsoPs as biologically active
chemicals, start cascade reactions leading to irreversible
vasoconstriction. These results, together with the various
biological activities of 8-iso-PGF2a, suggested that 8-iso-PGF2a,, protein kinase C; PYK-2, protein tyrosine kinase-2; eNOS,
dothelin-1; NOX, NADPH oxidase; COX, cyclooxygenase.
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ase and lipoxygenase, could be assumed to be at least one of
the causes of delayed cerebral vasospasm. We can differenti-
ate two mechanism connected to IsoPs which are observed in
CVS. The ﬁrst, is a calcium-dependent process and the second
are calcium-independent molecular events, both lead to
smooth muscle contraction.
F2-IsoPs have probably slightly different calcium-depen-
dent processes. 8-iso-PGF2 trigger an increase in intracellular
Ca2+ that is dependent on extracellular Ca2+. Since nifedipine
did not inhibit the effects of 8-iso-PGF2, possibly the L-type
voltage-gated Ca2+ channels are not implicated in vasocon-
striction. Other studies performed with Ca2+ entry blocker,
including that by non-voltage-dependent Ca2+ channels
showed that non-voltage-gated Ca2+ channels are involved
in the vasoconstrictor action of 8-iso-PGF2 [63–65].
Calcium-independent smooth muscle contraction follow-
ing SAH begins with PKC activation by the phospholipase C
mediated release of diacylglycerol (DAG) and inositol-triphos-
phate (IP3) initiated by ligand binding to G-protein coupled
membrane receptors [66]. PKC is activated as shown in the ﬁrst
‘‘redox switch’’, but it is worth mentioning that, 8-iso-PGF2
stimulates IP3 synthesis [67,68]. Activated PKC phosphorylates
caldesmon and caldesmin resulting in a prolonged constric-
tion. Furthermore, PKC alters several other intracellular
signalling pathways including mitogen activated protein
kinase, protein tyrosine kinase (PYK-2) and Rho kinase [66].
RhoA (Ras homolog gene family protein, member A) translo-
cation activates its downstream target Rho kinase inhibiting
myosin light chain kinase (MLC) phosphatase activity to
increase the amount of phosphorylated MLC, leading to a
prolonged contraction without Ca2+ elevation [69,70]. RhoA
and Rho kinasemessenger RNAs are up-regulated in sustained
vasospasm, a RhoA/Rho kinase activation is found in canine
basilar arteries, and vasospasm is partially reversed by the Rho
antagonist [66,71].
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Fig. 2 – OS, oxidative stress; IP3, inositol-triphosphate; DAG, diacy
potential proteins, non-voltage-gated Ca2+ channels; PKC, protein
activated protein kinase; MLC, myosin light chain kinase.It has also been shown that 8-iso-PGF2 constricts cerebral
vessels, which can be inhibited by thromboxane receptor
antagonists [72,73]. It raises suspicion that IsoPs bioactivity
is achieved via the thromboxane receptor [74,75]. The
biological actions of the thromboxane (TP) receptor are
achieved through activation of one or both of its isoforms
(TPa and TPb) that are produced through differential splicing
of a single gene product [76,77]. Both isoforms are members of
the G-protein-coupled receptor superfamily that differ with
regard to their C termini [78]. G-protein coupled receptors are
associated with an intracellular calcium release via IP3 and
DAG [79–81]. Stimulation of G-protein-coupled receptor results
in activation of phospholipase C (PLC). This leads to hydrolysis
of phosphatidylinositol 4,5-bisphosphate and generation of
DAG and IP3, resulting in activation of PKC and Ca2+ release
from intracellular stores. DAG stimulates PKC which activates
phospholipase A2, an enzyme responsible for the release of
arachidonic acid from membrane phospholipids [82] (Fig. 2).
Obviously enough, different polymorphic variants of
thromboxane receptor (especially in positions rs2238633,
rs2238632 and rs768963), are related to the concentration of
the transcript and, hence, determine the receptor concentra-
tion on the cell surface, which is associated with varying
intensity of the response to the ligand [83,84].
However, several reports indicate that probably there exists
a speciﬁc receptor for isoprostanes, so 8-iso-PGF does not
directly bind with the thromboxane receptor [85,86]. Altogeth-
er, these data suggest that 8-iso-PGF2 increases inﬂux of Ca2+
possibly via receptor-operated channels [87,88], which in turn
leads to stimulation of endothelin release and, more impor-
tantly, activation of phospholipase A2 and metabolism of
arachidonic acid into prostanoids, amongwhich thromboxane
predominates inmediating 8-iso-PGF2 – induced vasoconstric-
tion. The involvement of a receptor-operated Ca2+ channel
would be consistent with the existence of a distinct 8-iso-PGF2
receptor site, which remains to be characterized [67].lglycerol; PLA2, phospholipase A2; TRPCs, transient receptor
kinase C; PYK-2, protein tyrosine kinase-2; MAPK, mitogen
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and rapidly expanding superfamily of non-voltage-gated Ca2+
channels. TPRs are coded by the TRPC 3,4,5,6,7 genes and are
promising proteins for the 8-iso-PGF2 receptor. Accumulated
evidence strongly suggests that especially TRPC6may serve as
a major Ca2+ entry channel that integrates various mecha-
nisms regulating the arterial tone [89], via DAG [81,90]. The
scientiﬁc literature widely describes, that endothelin-1 acti-
vate TRPC6-like cationic currents to cause Ca2+ increase [91]
(Fig. 2).
It is also now recognized that perivascular adipose tissue
contributes to vascular homeostasis by producing vasoactive
compounds such as adipokines, ROS, NO

and promote
endothelial dysfunction from outside the vessel, which
answered the question, by whichmechanism the perivascular
blood causes endothelial dysfunction leading to CVS [92,93].
Literature data suggest, that the types of IsoPs that will be
formed and in what ratio, depend on oxygen tension and
glutathione concentration [94]. The role of antioxidants in
patients with CVS remains unexplained. Some evidence
suggests that their level is decreased after aSAH. Mean levels
of retinol, b+g-tocopherol, d-tocopherol, b-carotene, lutein,
and coenzyme Q10, but not a-tocopherol, in plasma were
signiﬁcantly lower in SAHpatients than in controls [95]. On the
other hand, it has been shown that oral coenzyme Q10
administration and intracisternal administration of a-tocoph-
erol could suppress vasospasmand ischaemic brain damage in
experimental SAH [96,97]. NRF2 is the main transcriptional
regulator of cellular homeostasis and the protector against
multiple stress conditions. Upon dimerization with small MAF
proteins, it recognizes an enhancer in the promoter region of
target genes, knowns as Antioxidant Response Element/
Electrophile Responsive Element genes. These accounts for
about 1% of human genome and encode phase I, II and III
detoxiﬁcation enzymes; glutathione, peroxiredoxin [98].
In our opinion CVS depends on dynamic disbalance
between free radicals' formation (oxidative stress) and
antioxidant activity. IsoPs start cascade reactions leading to
arterial wall changes which in turn cause irreversible
vasoconstriction as was shown in histopathological studies.
4. ConclusionsThe speciﬁc mechanism of CVS has not been deﬁned yet. The
most plausible theory suggests that:1. The extravasated haemoglobin leads to ROS release and
OS.2. This results in redox signalling changes, which implicate
peroxidation of perivascular adipose tissue and endothelial
cell membrane lipids, followed by the proliferation of
smooth muscle cells.3. Perivascular adipose tissue promotes endothelial dysfunc-
tion from the outside the vessel, which explains the link
between perivascular blood and endothelial dysfunction.4. Moreover, ROS-dependent redox signalling regulates the
vascular tone in various mechanisms, called ‘‘redox
switches’’, leading to further endothelial dysfunction and
vasoconstriction.5. These switches are usually activated simultaneously and
function in parallel. The key enzyme of PGIS synthesis,
cyclooxygenase, is activated at lowperoxide levels,while, in
turn, oxidative stress promotes IsoPs formation.6. IsoPs are considered as oxidative stressmarkers, since their
concentration directly correlates with the concentration of
free oxygen species.7. Still, their mechanisms of action are vaguely deﬁned.
Stimulation of endothelial cell, smooth muscle cell and
stimulation of platelet aggregation are achieved via the
thromboxane receptor, however, several reports indicate
the probable existence of a speciﬁc receptor for isopros-
tanes.8. The vasoconstrictor action of IsoPs is not inhibited by a
calcium channel blocker (nifedipine) because they work
through a G-protein-coupled receptor (thromboxane recep-
tor), which are associated with an intracellular calcium
release via IP3 and DAG.9. The types of IsoPs that will be formed and in what ratio,
depend on oxygen tension and antioxidant mechanisms.
To sum up, it may be concluded that CVS is a dynamic
disbalance between free radicals' formation and antioxidant
activity.
Conﬂict of interestNone declared.
FundingNone declared.
Acknowledgements
This work was supported by grant from: National Science
Centre UMO-2013/11/N/NZ4/00273 (507/1-121-03/507-10-075),
‘‘Preludium 6 Grant’’.r e f e r e n c e s
[1] Ghezzi P, Floridi L, Boraschi D, Cuadrado A, Manda G, Levic
S, et al. Oxidative stress and inﬂammation induced by
environmental and psychological stressors: a biomarker
perspective. Antioxid Redox Signal 2018;28:852–72.
[2] Daiber A, Steven S, Weber A, Shuvaev VV, Muzykantov VR,
Laher I, et al. Targeting vascular (endothelial) dysfunction.
Br J Pharmacol 2017;174:1591–619.
[3] Sies H. Oxidative stress: a concept in redox biology and
medicine. Redox Biol 2015;4:180–3.
[4] Schreck R, Rieber P, Baeuerle PA, Reactive oxygen
intermediates as apparently widely used messengers in the
activation of the NF-kappa B transcription factor HIV-1.
Embo J 1991;10:2247–58.
[5] Tracey KJ. Physiology and immunology of the cholinergic
antiinﬂammatory pathway. J Clin Invest 2017;117:289–96.
n e u r o l o g i a i n e u r o ch i r u r g i a p o l s k a 5 2 ( 2 0 1 8 ) 6 4 3 – 6 5 1 649[6] Reuter S, Gupta SC, Chaturvedi MM, Aggarwal BB. Oxidative
stress, inﬂammation, and cancer: how are they linked? Free
Radic Biol Med 2010;49:603–16.
[7] Kehrer JP. The Haber–Weiss reaction and mechanisms of
toxicity. Toxicology 2000;149:43–50.
[8] Frijhoff J, Winyard PG, Zarkovic N, Davies SS, Stocker R,
Cheng D, et al. Clinical relevance of biomarkers of oxidative
stress. Antioxid Redox Signal 2015;23:1144–70.
[9] Ahola T, Fellman V, Kjellmer I, Raivio KO, Lapatto R. Plasma
8-isoprostane is increased in preterm infants who develop
bronchopulmonary dysplasia or periventricular
leukomalacia. Pediatr Res 2004;56:88–93.
[10] Heitzer T, Schlinzig T, Krohn K, Meinertz T, Munzel T.
Endothelial dysfunction, oxidative stress, and risk of
cardiovascular events in patients with coronary artery
disease. Circulation 2001;104:2673–8.
[11] Laufs U, Wassmann S, Czech T, Munzel T, Eisenhauer M,
BohmM, et al. Physical inactivity increases oxidative stress,
endothelial dysfunction, and atherosclerosis. Arterioscler
Thromb Vasc Biol 2005;25(4):809–14.
[12] Rossi F, Zatti M. Biochemical aspects of phagocytosis in
polymorphonuclear leukocytes. NADH and NADPH
oxidation by the granules of resting and phagocytizing
cells. Experientia 1964;20:21–3.
[13] Janssen-Heininger YMW, Mossman BT, Heintz NH, Forman
HJ, Kalyanaraman B, Finkel T, et al. Redox-based regulation
of signal transduction: principles, pitfalls, and promises.
Free Radic Biol Med 2008;45:1–17.
[14] Jones DP, Go Y-M. Mapping the cysteine proteome: analysis
of redox-sensing thiols. Curr Opin Chem Biol 2011;15:103–
12.
[15] Frijhoff J, Dagnell M, Godfrey R, Ostman A. Regulation of
protein tyrosine phosphatase oxidation in cell adhesion
and migration. Antioxid Redox Signal 2014;20:1994–2010.
[16] Hool LC, Corry B. Redox control of calcium channels: from
mechanisms to therapeutic opportunities. Antioxid Redox
Signal 2007;9:409–35.
[17] Basu S. Novel cyclooxygenase-catalyzed bioactive
prostaglandin F(2alpha) from physiology to new principles
in inﬂammation. Med Res Rev 2007;27:435–68.
[18] Nemoto S, Finkel T. Ageing and the mystery at Arles.
Nature 2004;429:149–52.
[19] Basu S. Carbon tetrachloride-induced lipid peroxidation:
eicosanoid formation and their regulation by antioxidant
nutrients. Toxicology 2003;189:113–27.
[20] Kadiiska MB, Gladen BC, Baird DD, Graham LB, Parker CE,
Ames BN, et al. Biomarkers of oxidative stress study. III:
effects of the nonsteroidal anti-inﬂammatory agents
indomethacin and meclofenamic acid on measurements of
oxidative products of lipids in CCl4 poisoning. Free Rad Biol
Med 2005;38:711–8.
[21] Yan Z, Mas E, Mori TA, Croft KD, Barden AE. A signiﬁcant
proportion of F2-isoprostanes in human urine are excreted
as glucuronide conjugates. Anal Biochem 2010;403:126–8.
[22] Basu S. Radioimmunoassay of 8-iso-prostaglandin F2alpha:
an index for oxidative injury via free radical catalysed lipid
peroxidation. Prostaglandins Leukot Essent Fatty Acids
1998;58:319–25.
[23] Milne GL, Dai Q, Roberts LJ. The isoprostanes-25 years later.
Biochim Biophys Acta 2015;1851:433–45.
[24] Barden AE, Mas E, Croft KD, Phillips M, Mori TA. Minimizing
artifactual elevation of lipid peroxidation products (F2-
isoprostanes) in plasma during collection and storage. Anal
Biochem 2014;449:129–31.
[25] Tsikas D, Suchy MT. Assessment of urinary F2-isoprostanes
in experimental and clinical studies: mass spectrometry
versus ELISA. Hypertension 2012;60:e14 [author reply e15].
[26] Dahl JH, van Breemen RB. Rapid quantitative analysis of
8-iso-prostaglandin-F(2alpha) using liquidchromatography–tandem mass spectrometry and
comparison with an enzyme immuno-assay method. Anal
Biochem 2010;404:211–6.
[27] Morrow JD, Minton TA, Mukundan CR, Campbell MD,
Zackert WE, Daniel VC, et al. Free radical induced
generation of isoprostanes in vivo. Evidence for the
formation of D-ring and E-ring isoprostanes. J Biol Chem
1994;269:4317–26.
[28] de Zwart LL, Meerman JH, Commandeur JN, Vermeulen NP.
Biomarkers of free radical damage applications in
experimental animals and in humans. Free Radic Biol Med
1999;26:202–26.
[29] Lawson JA, Rokach J, Fitzgerald GA. Isoprostanes:
formation, analysis and use as indices of lipid peroxidation
in vivo. J Biol Chem 1999;274:24441–4.
[30] Rokach J, Khanapure SP, Hwang SW, Adiyaman M, Lawson
JA, Fitzgerald GA. The isoprostanes: a perspective.
Prostaglandins 1997;54:823–51.
[31] Basu S. Metabolism of 8-iso-prostaglandin F2 in the rabbit.
Prostaglandins Leukot Essent Fatty Acids 1997;57:267.
[32] Basu S. Metabolism of 8-iso-prostaglandin F2alpha. FEBS
Lett 1998;428:32–6.
[33] Takahashi K, Nammour TM, Fukunaga M, Ebert J, Morrow
JD, Roberts 2nd LJ, et al. Glomerular actions of a free
radical-generated novel prostaglandin, 8-epi-prostaglandin
F2alpha, in the rat: evidence for interaction with
thromboxane A2 receptors. J Clin Invest 1992;90:136–41.
[34] Fukunaga M, Makita N, Roberts 2nd LJ, Morrow JD,
Takahashi K, Badr KF. Evidence for the existence of
F2-isoprostane receptors on rat vascular smooth muscle
cells. Am J Physiol 1983;264:1619–24.
[35] Longmire AW, Roberts LJ, Morrow JD. Actions of the
E2-isoprostane, 8-ISO-PGE2, on the platelet thromboxane/
endoperoxide receptor in humans and rats: additional
evidence for the existence of a unique isoprostane receptor.
Prostaglandins 1994;48:247–56.
[36] Morrow JD. The isoprostanes: unique products of
arachidonate peroxidation: their role as mediators of
oxidant stress. Curr Pharm Des 2006;12:895–902.
[37] Kunapuli P, Lawson IA, Rokach JA, Fitzgerald GA. Functional
characterization of the ocular PGF2a receptor: activation by
the isoprostane 12-epi-PGF2a. J Biol Chem 1997;272:27147–
54.
[38] Bernareggi M, Rossoni G, Berti F. Bronchopulmonary effects
of 8-epi-PGF2A in anaesthetised guinea pigs. Pharmacol Res
1998;37:75–80.
[39] Lahaie I, Hardy P, Hou X, Asselin P, Lachapelle P, Almazan
G, et al. A novel mechanism for vasoconstrictor action of
8-isoprostaglandin F2 alpha on retinal vessels. Am J Physiol
1998;274:1406–16.
[40] Reilly M, Delanty N, Lawson JA, Fitzgerald GA. Modulation
of oxidant stress in vivo in chronic cigarette smokers.
Circulation 1996;94:19–25.
[41] Basu S. F2-isoprostane induced prostaglandin formation in
the rabbit. Free Radic Res 2006;40:273–7.
[42] Sasaki T, Kassell NF, Zuccarello M, Nakagomi T, Fijiwara S,
Colohan ART, et al. Barrier disruption in the major
cerebral arteries during the acute stage after
experimental subarachnoid hemorrhage. Neurosurgery
1986;19:177–84.
[43] Ayer RE, Zhang JH. Oxidative stress in subarachnoid
haemorrhage: signiﬁcance in acute brain injury and
vasospasm. Acta Neurochir Suppl 2008;104:33–41.
[44] Kolias AG, Sen J, Bell A. Pathogenesis of cerebral vasospasm
following aneurysmal subarachnoid hemorrhage: putative
mechanisms and novel approaches. J Neurosci Res
2009;87:1–11.
[45] Chaichana KL, Pradilla G, Huang J, Tamargo RJ. Role of
inﬂammation (leukocyte–endothelial cell interactions) in
n e u r o l o g i a i n e u r o c h i r u r g i a p o l s k a 5 2 ( 2 0 1 8 ) 6 4 3 – 6 5 1650vasospasm after subarachnoid hemorrhage. World
Neurosurg 2010;73:22–41.
[46] Pradilla G, Garzon-Muvdi T, Ruzevick JJ, Bender M, Edwards
L, Momin EN. Systemic L-citrulline prevents cerebral
vasospasm in haptoglobin 2-2 transgenic mice after
subarachnoid hemorrhage. Neurosurgery 2012;70:747–57.
[47] Gallia GL, Tamargo RJ. Leukocyte–endothelial cell
interactions in chronic vasospasm after subarachnoid
hemorrhage. Neurol Res 2006;28:750–8.
[48] Lin C-L, Kwan A-L, Dumont AS, Su YF, Kassell NF, Wang CJ,
et al. Attenuation of experimental subarachnoid
hemorrhage-induced increases in circulating intercellular
adhesion molecule-1 and cerebral vasospasm by the
endothelin-converting enzyme inhibitor CGS 26303. J
Neurosurg 2007;106:442–8.
[49] Schulz E, Wenzel P, Munzel T, Daiber A. Mitochondrial
redox signaling: interaction of mitochondrial reactive
oxygen species with other sources of oxidative stress.
Antioxid Redox Signal 2004;20:308–24.
[50] Forstermann U, Munzel T. Endothelial nitric oxide synthase
in vascular disease: from marvel to menace. Circulation
2006;113:1708–14.
[51] Brune B, Schmidt KU, Ullrich V. Activation of soluble
guanylate cyclase by carbon monoxide and inhibition by
superoxide anion. Eur J Biochem/FEBS 1990;192:683–8.
[52] Stasch JP, Pacher P, Evgenov OV. Soluble guanylate cyclase
as an emerging therapeutic target in cardiopulmonary
disease. Circulation 2011;123:2263–73.
[53] Sayed N, Baskaran P, Ma X, van den Akker F, Beuve A.
Desensitization of soluble guanylyl cyclase, the NO
receptor, by S-nitrosylation. Proc Natl Acad Sci U S A
2007;104:12312–7.
[54] Cerrato R, Cunnington C, Crabtree MJ, Antoniades C,
Pernow J, Channon KM, et al. Endothelin-1 increases
superoxide production in human coronary artery bypass
grafts. Life Sci 2012;91:723–8.
[55] Li L, Watts SW, Banes AK, Galligan JJ, Fink GD, Chen AF.
NADPH oxidase-derived superoxide augments endothelin-
1-induced venoconstriction in mineralocorticoid
hypertension. Hypertension 2003;42:316–21.
[56] Li L, Fink GD, Watts SW, Northcott CA, Galligan JJ, Pagano
PJ, et al. Endothelin-1 increases vascular superoxide via
endothelin (A)-NADPH oxidase pathway in low-renin
hypertension. Circulation 2003;107:1053–8.
[57] Schildknecht S, Karreman C, Daiber A, Zhao C, Hamacher J,
et al. Autocatalytic nitration of prostaglandin endoperoxide
synthase-2 by nitrite inhibits prostanoid formation in
rat alveolar macrophages. Antioxid Redox Signal
2012;15(17):1393–406.
[58] Hernanz R, Briones AM, Salaices M, Alonso MJ. New roles
for old pathways? A circuitous relationship between
reactive oxygen species and cyclooxygenase in
hypertension. Clin Sci (Lond) 2014;126:111–21.
[59] White RP, Robertson JT. Comparison of piroxicam,
meclofenamate, ibuprofen, aspirin, and prostacyclin
efﬁcacy in a chronic model of cerebral vasospasm.
Neurosurgery 1983;12:40–6.
[60] Fukunaga M, Yura T, Badr KF. Stimulatory effect of
8-iso-PGF2, an F2-isoprostane, on endothelin-1 release. J
Cardiovasc Pharmacol 1995;26(Suppl. 3):51–2.
[61] Fassbender K, Hodapp B, Rossol S, Bertsch T, Schmeck J,
Schutt S, et al. Endothelin-1 in subarachnoid hemorrhage:
an acute-phase reactant produced by cerebrospinal ﬂuid
leukocytes. Stroke 2000;31:2971–5.
[62] Wiśniewski K, Bieńkowski M, Tomasik B, Braun M, Bobeff
EJ, Liberski PP, Jaskólski DJ. Urinary F2-isoprostane
concentration as a poor prognostic factor after
subarachnoid hemorrhage. World Neurosurg 2017;107:185–
93.[63] Himmel HM, Whorton AR, Strauss HC. Intracellular
calcium, currents, and stimulus-response coupling in
endothelial cells. Hypertension 1993;21:112–27.
[64] Mason MJ, Mahaut-Smith MP, Grinstein S. The role of
intracellular Ca2+ in the regulation of the plasma
membrane Ca2+ permeability of unstimulated rat
lymphocytes. J Biol Chem 1991;266:10872–9.
[65] Merritt JE, Armstrong WP, Benham CD, Hallam TJ, Jacob R,
Jaxa-Chamiec TJ, et al. SK&F 96365, a novel inhibitor of
receptor-mediated calcium entry. Biochemistry
1990;271:515–22.
[66] Kusaka G, Kimura H, Kusaka I, et al. Contribution of Src
tyrosine kinase to cerebral vasospasm after subarachnoid
hemorrhage. J Neurosurg 2003;99:383–90.
[67] Fukunaga M, Makita N, Roberts 2nd LJ, Morrow JD,
Takahashi K, Badr KF. Evidence for the existence of F2-
isoprostane receptors on rat vascular smooth muscle cells.
Am J Physiol 1993;264:C1619–24.
[68] Pratico'D, Smyth EM, Violi F, Fitzgerald GA. Local
ampliﬁcation of platelet function by 8-epi prostaglandin F2
is not mediated by thromboxane receptor isoforms. J Biol
Chem 1996;271:14916–24.
[69] Sato M, Tani E, Fujikawa H, Kaibuchi K. Involvement of Rho-
kinase- mediated phosphorylation of myosin light chain in
enhancement of cerebral vasospasm. Circ Res 2000;87:195–
200.
[70] Harder DR, Roman RJ, Gebremedhin D, Birks EK, Lange AR,
et al. A common pathway for regulation of nutritive blood
ﬂow to the brain: arterial muscle membrane potential and
cytochrome P450 metabolites. Acta Physiol Scand
1998;164:527–32.
[71] Kusaka G, Ishikawa M, Nanda A, Granger DN, Zhang JH.
Signaling pathways for early brain injury after SAH. J Cereb
Blood Flow Metab 2004;24:916–25.
[72] Banerjee M, Kang KH, Morrow JD, Roberts LJ, Newman JH.
Effects of a novel prostaglandin, 8-epi-PGF2, in rabbit lung
in situ. Am J Physiol 1992;263:660–3.
[73] Hoffman SW, Moore S, Ellis EF. Isoprostanes: free radical-
generated prostaglandins with constrictor effects on
cerebral arterioles. Stroke 1997;28:844–9.
[74] Ishizuka T, Niwa A, Tabuchi M, Nagatani Y, Ooshima K,
Higashino H. Involvement of thromboxane A2 receptor in
the cerebrovascular damage of salt-loaded, stroke-prone
rats. J Hypertens 2007;25:861–70.
[75] Takahashi K, Nammour TM, Fukunaga M, Ebert J, Morrow
JD, Roberts LJ, et al. Glomerular actions of a free radical-
generated novel prostaglandin, 8-epi-prostaglandin F2
alpha, in the rat: evidence for interaction with
thromboxane A2 receptors. J Clin Invest 1992;90:136–41.
[76] Gardi C, Arezzini B, Monaco B, De Montis MG, Vecchio D,
Comporti M. F2-isoprostane receptors on hepatic stellate
cells. Lab Invest 2008;88:124–31.
[77] Sasaki M, Miyosawa K, Ohkubo S, Nakahata N. Physiological
signiﬁcance of thromboxane A(2) receptor dimerization. J
Pharmacol Sci 2006;100:263–70.
[78] Kinsella BT. Thromboxane A2 signalling in humans: a 'tail'
of two receptors. Biochem Soc Trans 2001;29:641–54.
[79] Curthbert NJ, Gardiner PJ, Nash K, Poll CT. Roles of Ca21
inﬂux and intracellular Ca21 release in agonist-induced
contractions in guinea pig trachea. Am J Physiol Lung Cell
Mol Physiol 1994;266:620–7.
[80] Thebault S, Zholos A, Enﬁssi A, Slomianny C, Dewailly E,
Roudbaraki M, et al. Receptor-operated Ca21 entry
mediated by TRPC3/TRPC6 proteins in rat prostate smooth
muscle (PS1) cell line. J Cell Physiol 2005;204:320–8.
[81] Venkatachalam K, Zheng F, Gill DL. Regulation of canonical
transient receptor potential (TRPC) channel function by
diacylglycerol and protein kinase C. J Biol Chem
2003;278:29031–40.
n e u r o l o g i a i n e u r o ch i r u r g i a p o l s k a 5 2 ( 2 0 1 8 ) 6 4 3 – 6 5 1 651[82] Berridge MJ. Inositol trisphosphate and calcium signalling.
Nature 1993;361:315–25.
[83] Takeuchi K, Mashimo Y, Shimojo N, Arima T, Inoue Y,
Morita Y, et al. Functional variants in the thromboxane A2
receptor gene are associated with lung function in
childhood-onset asthma. Clin Exp Allergy 2013;43:413–24.
[84] Zhao J, Zheng L, Fei Q, Fu Y, Weng Y, Wu H, et al.
Association of thromboxane A2 receptor gene
polymorphisms with cerebral infarction in a Chinese
population. Neurol Sci 2013;34:1791–6.
[85] Yura T, Fukunaga M, Grygorczyk R, Makita N, Takahashi K,
Badr KF. Molecular and functional evidence for the distinct
nature of F2-isoprostane receptors from those of
thromboxane A2. Adv Prostaglandin Thromboxane Leukotr
1995;23:237–9.
[86] Khasawneh FT, Huang J-S, Mir F, Srinivasan S, Tiruppathi C,
Le Breton GC. Characterization of isoprostane signaling:
evidence for a unique coordination proﬁle of 8-iso-PGF
(2alpha) with the thromboxane A(2) receptor, and
activation of a separate cAMP-dependent inhibitory
pathway in human platelets. Biochem Pharmacol
2008;75:2301–15.
[87] Hughes AD. Calcium channels in vascular smooth muscle
cells. J Vasc Res 1995;32:353–70.
[88] Hyslop S, De Nucci G. Prostaglandin biosynthesis in the
microcirculation: regulation by endothelial and non-
endothelial factors. Prostaglandins Leukot Essent Fatty
Acids 1993;49:723–60.
[89] Inoue R, Okada T, Onoue H, Hara Y, Shimizu S, Naitoh S,
et al. The transient receptor potential protein homologue
TRP6 is the essential component of vascular a1-
adrenoceptor-activated Ca2+. Circ Res 2001;16(88):325–32.
[90] Hofmann T, Obukhow AG, Schaefer M, Harteneck C,
Gudermann T, Schultz G. Direct activation of humanTRPC6 and TRPC3 channels by diacylglycerol. Nature
1999;397:259–63.
[91] Jung S, Strotmann R, Schultz G, Plant TD. TRPC6 is a
candidate channel involved in receptor-stimulated cation
currents in A7r5 smooth muscle cells. Am J Physiol Cell
Physiol 2002;282:347–59.
[92] Jankovic A, Korac A, Buzadzic B, Stancic A, Otasevic V,
Ferdinandy P, et al. Targeting the nitric oxide/superoxide
ratio in adipose tissue: relevance in obesity and diabetes
management. Br J Pharmacol 2017;174:1570–90.
[93] Brown NK, Zhou Z, Zhang J, Zeng R, Wu J, Eitzman DT, et al.
Perivascular adipose tissue in vascular function and
disease: a review of current research and animal models.
Arterioscler Thromb Vasc Biol 2014;34:1621–30.
[94] Morrow JD, Roberts LJ, Daniel VC, Awad JA,
Mirochnitchenko O, Swift LL. Comparison of formation of
D2/E2-isoprostanes and F2- isoprostanes in vitro and
in vivo – effects of oxygen tension and glutathione. Arch
Biochem Biophys 1998;353:160–71.
[95] Marzatico F, Gaetani P, Tartara F, Bertorelli L, Feletti F,
Adinolﬁ D, et al. Antioxidant status and a1- antiproteinase
activity in subarachnoid hemorrhage patients. Life Sci
1998;3:821–6.
[96] Grieb P, Ryba MS, Sawicki J, Chrapusta SJ. Oral coenzyme
Q10 administration prevents the development of ischemic
brain lesions in a rabbit model of symptomatic vasospasm.
Acta Neuropathol 1997;94:363–8.
[97] Kemaloglu S, Ozkan U, Yilmaz F, Ak E, Acemoglu H, et al.
Preventive effects of intracisternal alpha-tocopherol on
cerebral vasospasm in experimental subarachnoid
hemorrhage. Yonsei Med J 2003;44:955–60.
[98] Hayes JT, Dinkova-Kostova AT. The Nrf2 regulatory network
provides an interface between redox and intermediary
metabolism. Trends Biochem Sci 2014;39:199–218.
